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diversity	measures	 such	 as	 allelic	 richness	 and	 fish	 population	 abundance	 did	 not.	
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1  | INTRODUCTION




now	 possible	 to	 exploit	 the	 link	 between	 genetic	 diversity	 in	 pop-
ulations	of	one	species	 (the	focal	species)	and	the	species	diversity	
of	the	associated	assemblage.	Positive	correlations	between	species	
and	 genetic	 diversity	 have	 been	 demonstrated	 across	 a	 variety	 of	
environments	and	species	 (including	butterflies,	Cleary	et	al.,	2006;	
bats,	Struebig	et	al.,	2011;	and	 fish,	Blum	et	al.,	2012)	and	are	also	
supported	by	 theoretical	modeling	of	 plant	 communities	 (Adams	&	
Vellend,	 2011).	 Conversely,	 an	 absence	 of	 coincident	 correlations	







appropriate	 environmental	 and	 land	 use	 policies	 at	 the	 scale	 over	

















Large	 riverine	 catchments	 offer	 opportunities	 to	 explore	 the	 in-
fluence	of	environmental	heterogeneity	and	connectivity	on	patterns	
of	aquatic	biodiversity.	For	example,	 individual	dispersal	 in	wild	pop-





also	been	found	to	be	 largely	deterministic	of	 inter	and	 intraspecific	






of	 restricted	 gene	 flow	 but	 not	 reproductive	 isolation.	An	 isolation-	
by-	distance	pattern	also	 indicated	 limited	gene	flow	 (<10	km)	across	
the	Thames	 catchment,	 a	 finding	 in	 agreement	with	 a	 typical	meta-
population	 structure	 within	 single	 drainages	 for	 this	 species.	 Thus,	
anthropogenic	 modifications	 to	 rivers,	 such	 as	 weirs	 and	 in-	stream	
impoundments,	may	 impinge	 on	 population	 connectivity	 and	 isolate	
individuals,	surreptitiously	limiting	genetic	and	species	diversity.
River	 catchments	 such	 as	 the	 Thames	 are	 strongly	 influenced	
by	 their	 surroundings	 (Allan,	 2004),	 and	 human-	induced	 modifica-
tions	 can	 alter	 living	 conditions	 for	 the	 aquatic	 organisms	 present.	





open	 grassland/floodplains,	 into	 large	 urban	 conurbations	 or	 high-	













of	disturbed	urban/arable	 land	use	was	hypothesized	 to	 reduce	both	
species	and	genetic	diversity	of	stream	fish	within	a	 river	catchment,	
and	 a	 similar	 pattern	 was	 expected	 for	 increasing	 physical	 isolation	
between	sample	sites.	 In	pursuit	of	 this	aim,	key	testable	hypotheses	
allowed	assessment	of:	(i)	the	extent	to	which	the	genetic	and	species	
structure	 of	 fish	 communities	within	 the	 catchment	were	 correlated;	
and	(ii)	the	extent	to	which	fluctuations	in	genetic	and	species	diversity	




























communities	 (Labeelund	 &	 Vollestad,	 1985)	 mean	 that	 roach	 can	
also	 exert	 strong	 effects	 on	 stream	 biota	 and	 primary	 productiv-
ity	 through	 competition	 and	predation.	 Therefore,	 as	 a	 historically	
abundant	 and	 largely	disturbance/pollution	 tolerant	 species,	 it	 can	
be	reasoned	that	effects	seen	in	this	species	may	also	be	reflected	in	
other	more	sensitive	fish	species.
















nificant	 implications	 for	 the	 genetic	 structure	 of	 roach	populations.	
Restocking	information	was	obtained	for	each	of	these	sites	from	the	





stances	 (Aprahamian,	 Barnard,	 &	 Farooqi,	 2004).	 Additionally,	 no	
genetic	signatures	of	stocked	roach	were	found	in	the	Thames	catch-
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2.4 | Sampling regime
All	19	locations	were	sampled	during	one	season	(2010)	using	3-	pass	
catch	 depletion	 sampling	 of	 the	 total	 fish	 population	 (Environment	
Agency,	2016).	Pulsed	DC	electrofishing	was	conducted	at	each	sam-
pling	 location	to	collect	all	 individual	 fish	within	a	100	m	reach	 (be-
ginning	 at	 the	 sample	 grid	 reference	 and	 progressing	 downstream),	
restricted	at	both	upstream	and	downstream	extremities	with	 large	
stop-	nets	 or	 physical	 barriers	 to	 fish	 movement.	 All	 fish	 captured	
were	transferred	to	holding	tanks,	whilst	three	electrofishing	passes	























calculated	 in	 this	 study	 using	 internal	 relatedness	 (IR),	 a	 multilocus	
measure	of	relatedness	and	inbreeding.	IR	estimates	the	similarity	be-
tween	parental	half-	genotypes	within	 an	 individual	 and	weights	 the	
importance	 of	 each	 allele	 according	 to	 its	 frequency	 in	 the	 popula-
tion	(Amos	et	al.,	2001).	 IR	has	previously	been	shown	to	negatively	
influence	reproductive	success	in	a	wide	range	of	aquatic	organisms,	
such	 as	 Atlantic	 salmon	 (S. salar,	 Garant,	 Dodson,	 &	 Bernatchez,	
2005),	the	long-	finned	pilot	whale	(Globicephala melas)	and	gray	seal	
(Halichoerus grypus,	both	Amos	et	al.,	2001),	so	was	examined	here	to	
obtain	 information	on	 roach	population	 fitness.	 Internal	 relatedness	
was	calculated	using	an	R	extension	package	(Rhh;	available	at	http://
www.helsinki.fi/biosci/egru/research/software);	 mean	 IR	 was	 then	
calculated	for	each	site	by	averaging	 IR	from	all	 individuals.	The	Rhh 
package	also	creates	outputs	of	homozygosity	by	locus	(HL,	Aparicio,	
Ortego,	&	Cordero,	 2006)	 and	 standardized	 heterozygosity	 (SL);	we	
present	only	results	for	IR	here,	as	IR,	SL,	and	HL	were	highly	correlated	
(r = .98,	p = .001).
2.6 | Characterization of environmental variables; 
land use and connectivity
Here,	we	define	environmental	variation	as	conditions	attributable	to	




Research	 Institute).	 The	 LCM2007	 25	m	 raster	 dataset	 (distributed	
by	CEH	Information	Gateway,	Wallingford,	UK,	2011)	provides	dig-





























Number	of	sites 0 6 6 7
b)	%	Land	use
Median 0.2 18.5 22.5 19

















































































































































































































































































































































































































































































































































































































































































































2.7 | Statistical analysis of environmental variation, 




mean	population	internal	relatedness	and	genetic	diversity	(IR, AR, and 
HO),	abundance	and	species	diversity	of	the	fish	assemblage	(Shannon	
diversity,	 evenness,	 and	 species	 richness)	 were	 compared	 to	 assess	
the	strength	of	pairwise	association	between	indices.	Partial	Pearson	
correlations	accounting	for	distance	from	the	main	stem	Thames	were	













Differences	 in	 genetic	 and	 species	 diversity	 of	 fish	 populations	
were	compared	across	categories	of	dominant	land	use	using	ANOVA.	
Linear	regressions	and	correlations	performed	 in	SPSS	were	used	to	
examine	 relationships	between	 land	use	percentages	and	 (i)	 species	
diversity	(H),	abundance	and	species	richness;	(ii)	allelic	richness	(AR),	
genetic	diversity	(HO),	and	mean	internal	relatedness	(IR)	of	roach	pop-
ulations.	Geographic	distance	 from	 the	main	 stem	Thames	was	also	








3.1 | Population- genetic structure of roach and 








abundance Evenness Mean IR HO AR
H Correlation 1 0.479 0.167 −0.069 0.838** −0.467 0.406 0.028
Sig.	(2-	tailed) 0.038 0.495 0.778 <0.001 0.044 0.084 0.911
Species	richness Correlation 1 0.251 0.322 −0.059 −0.298 0.106 0.319
Sig.	(2-	tailed) 0.300 0.178 0.810 0.216 0.667 0.184
Abundance Correlation 1 0.823** 0.054 −0.372 0.237 0.186
Sig.	(2-	tailed) <0.001 0.825 0.117 0.329 0.445
Roach	abundance Correlation 1 −0.239 −0.228 0.038 0.140
Sig.	(2-	tailed) 0.325 0.347 0.878 0.567
Evenness Correlation 1 −0.364 0.403 −0.263
Sig.	(2-	tailed) 0.125 0.087 0.276
Mean IR Correlation 1 −0.944** −0.234
Sig.	(2-	tailed) <0.001 0.334
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and	covering	a	riverine	distance	of	176	km	(out	of	354	km	from	source	
to	final	outlet	into	the	southern	North	Sea).	Genotype	data	revealed	






















the	highest	 at	Meath	Green	 (River	Mole)	 and	 the	 lowest	 at	Hyde	
Mill	 (River	 Lea)	 (with	 counts	 of	 943	 and	 43,	 respectively).	 These	
same	 sites	 also	 had	 the	 highest	 and	 lowest	 roach	 abundance,	 re-
spectively.	 Intersite	comparisons	of	assemblage	composition	dem-
















ship	with	riverine	distance	(Figure	2;	r2 = .057,	p = .01),	which	was	also	
evident	when	testing	assemblage	divergence	of	stream	fishes	across	
the	 Thames	 catchment	 (Bray–Curtis	 dissimilarity	 values	 vs	 riverine	
distance;	Figure	3;	r2 = .02,	p = .05).	Our	results	indicated	a	strong	re-
lationship	between	population-	genetic	divergence	(linearized	FST)	and	
fish	assemblage	divergence	 (Bray–Curtis	distance,	Figure	4;	 r2 = .28,	
p = .01),	which	was	not	evident	when	examining	simple	correlations	
between	 species	 and	 genetic	 diversity	measures	 (Table	3).	 In	 order	
to	 better	 understand	 the	 influence	 of	 physical	 barriers	 on	 fish	 as-
semblage	structure	and	 roach	genetic	variation,	enumeration	of	 the	
number	 of	 barriers	 between	 sample	 sites	 was	 also	 tested	 against	
pairwise	roach	population-	genetic	divergence	(linearized	FST)	and	fish	
assemblage	divergence	 (Bray–Curtis	distance).	Statistical	 correlation	
F I G U R E  2 Comparison	of	geographic	distance	to	linearized	FST 
genetic	distances	across	all	sites,	with	regression	line.
















F I G U R E  3 Comparison	of	geographic	distances	between	
sampling	sites	to	Bray–Curtis	values	of	species	dissimilarity	across	all	
19	sites	with	regression	line.





















F I G U R E  4 Comparison	of	Bray–Curtis	distances	to	linearized	FST 
genetic	distances	across	all	19	sites,	with	regression	line.
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between	pairwise	matrices	was	significant	only	when	examining	 lin-
earized	FST	(r
2 = .15,	p = .01)	in	relation	to	the	number	of	physical	barri-
ers	between	sample	sites	within	the	Thames	catchment.	This	suggests	
increasing	genetic	divergence	between	sites	with	a	larger	number	of	
physical	 barriers	between	 them	–	 a	 relationship	 that	was	not	 repli-
cated	at	the	species	(diversity)	level.










ulations	with	a	greater	abundance	of	 roach.	Together,	 these	 results	




3.5 | Fish population response to disturbed land 
use and isolation
Testing	species	and	genetic	diversity	patterns	in	relation	to	combined	
urban	 and	 arable	 (disturbed)	 land	 use	 practices	 showed	 a	 negative	
influence	of	%	disturbed	 land	on	aquatic	biota	 (although	none	were	





Fish	populations	 in	the	Thames	catchment	that	are	 increasingly	 iso-
lated	 from	 the	main	 stem	 river	 and	 surrounded	 by	more	 disturbed	
land	 exhibit	 lower	 species	 richness/diversity,	 decreased	 genetic	 di-
versity	 (HO)	 and	 increased	 inbreeding	 (i.e.,	 higher	 IR).	However,	 this	




Understanding	 the	 principal	 factors	 driving	 population	 success	 is	





and	 integrity	of	 stream	 fish	communities	 in	poorly	 connected	 river	
stretches.	Patterns	of	species	diversity	and	genetic	diversity	across	
fish	populations	in	the	Thames	reflect	a	suite	of	dynamic	attributes	
that	 are	 likely	 to	 fluctuate	 under	 disturbance	 regimes	 driven	 by	
changing	 land	use	patterns	across	the	catchment.	Further	 interpre-




ing	 river	 stretches	 and	 actions	 that	 enhance	 connectivity	 between	
localities	 may,	 therefore,	 actively	 protect	 both	 species	 and	 intra-	
population-	genetic	diversity	and	are	widely	encouraged	on	the	basis	
of	these	findings.
4.1 | Relationships between fish species 






and	 stream	 fishes	 (Blum	 et	al.,	 2012).	 Indeed,	 Blum	 et	al.	 (2012)	
found	a	positive	relationship	between	stream	fish	assemblage	diver-






abundance Mean IR HO
Woodland Correlation −0.107 0.178 −0.062 0.025 0.024
Significance	(2-	tailed) 0.672 0.481 0.807 0.922 0.924
Arable Correlation −0.340 −0.496 −0.252 0.624 −0.658
Significance	(2-	tailed) 0.168 0.036 0.314 0.006 0.003
Grassland Correlation 0.601 0.409 0.536 −0.426 0.270
Significance	(2-	tailed) 0.008 0.092 0.022 0.078 0.278
Urban Correlation −0.172 0.006 −0.205 −0.166 0.295
Significance	(2-	tailed) 0.496 0.980 0.415 0.511 0.234
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p = .01)	 suggesting	 inconsistent	 patterns	 between	 the	 different	
measures	 of	 diversity	 used.	 A	 plausible	 explanation	 for	 the	 lack	
of	symmetry	 in	diversity	 responses	 is	 that	 the	genetic	diversity	of	
roach	was	strongly	driven	by	population	size	at	the	time	of	sampling,	
whereas	 Shannon	diversity	was	 less	 affected	by	 changes	 in	 roach	
abundance,	 a	 similar	 result	 to	 that	 reported	by	Blum	et	al.	 (2012).	











the	main	river	stem	(IR,	p = .001	and	HO,	p = .016),	but	this	change	
in	abundance	does	not	negatively	 impact	species	diversity	 indices.	
Genetic	diversity	of	roach	populations	fell	with	declining	population	
size,	 (a	 finding	paralleled	by	 little	 change	 in	 species	 diversity)	 due	
to	the	removal	of	few	individuals	from	an	abundant	species,	which	
appears	to	have	only	minimally	affected	assemblage	structure.	This	




4.2 | Influence of isolation on fish populations








catchment,	 isolation	 from	 dispersal	 corridors	 can	 drive	 assemblage	
and	 population	 composition	 in	 fish	 species.	 Longitudinal	 distance	













Disturbed	land	(%) H r2 = .145 .098
Species	richness r2 = .196 .051
Abundance r2 = .104 .165
Roach	Abundance r2 = .356 .034
Mean IR r2 = .180 .062
HO r
2 = .166 .074
AR r2 = .067 .270
Distance	to	main	stem	Thames	(km) H r2 = .099	 .176
Species	richness r2 = .138	 .107
Abundance r2 = .153 .088
Roach	Abundance r2 = .356 .043
Mean IR r2 = .243	 .027
HO r
2 = .234	 .031
AR r2 = .013 .632
Disturbed	land	*	Distance	to	main	 
stem	Thames
H r2 = .255 .023
Species	richness r2 = .226 .034
Abundance r2 = .000 .962
Roach	Abundance r2 = .001 .924
Mean IR r2 = .482	 .001
HO r
2 = .441	 .002
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than	overall	fish	species	diversity.	The	decay	in	genetic	similarity	with	
distance	has	been	associated	with	decreasing	similarity	in	environmen-
tal	 landscapes	 or	 due	 to	 dispersal	 barriers	 between	 locales,	 limiting	
drift	and	migration	 (Sei,	Lang,	&	Berg,	2009;	Soininen,	McDonald,	&	
Hillebrand,	 2007).	 The	 number	 of	 in-	stream	 barriers,	 of	 both	 man-	





















dendritic	 structure	 of	 tributaries	within	 a	 single	 catchment	 demon-
strated	that	genetic	diversity	and	species	diversity	are	lower	in	isolated	
environments	 surrounded	 by	 disturbed	 land.	 The	 precise	 environ-
mental	driver	that	gives	rise	to	this	pattern	is	unknown	but	previous	
studies	have	shown	that	human	alteration	of	catchment	land	use	can	
adversely	 affect	water	quality	 and	degrade	 stream	channels	 (Diana,	















relatedness	 of	 roach	 populations	 increased	 significantly	 (indicating	
more	inbreeding)	with	the	combination	of	increasing	isolation	from	the	
main	stem	Thames	and	land	use	disturbance	(IR: p = .001).	Previous	de-
clines	in	genetic	diversity	of	stream	fishes	have	been	linked	to	intensive	
land	 use	 patterns	 (Blum	 et	al.,	 2012)	 –	 a	 pattern	 also	 observed	 in	
some	other	 taxa	–	 for	 example,	 the	 genetic	 diversity	of	 populations	
of	Daphnia magna	was	found	to	be	negatively	impacted	by	agricultural	
land	use	intensity	(Coors,	Vanoverbeke,	De	Bie,	&	De	Meester,	2009).	
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